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Abstract

Since the COVID-19 disease caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS- CoV-2) was declared a
pandemic, it has spread rapidly, causing one of the most serious outbreaks in the last century. Reliable and rapid diagnostic tests for
COVID-19 are crucial to control and manage the outbreak. Here, a label-free square wave voltammetry-based biosensing platform
for the detection of SARS-CoV-2 in nasopharyngeal samples is reported. The sensor was constructed on screen-printed carbon
electrodes coated with gold nanoparticles. The electrodes were functionalized using 11-mercaptoundecanoic acid (MUA) which
was used for the immobilization of an antibody against SARS-CoV-2 nucleocapsid protein (N protein). The binding of the
immunosensor with the N protein caused a change in the electrochemical signal. The detection was realised by measuring the
change in reduction peak current of a redox couple using square wave voltammetry at 0.04 V versus Ag ref. electrode on the
immunosensor upon binding with the N protein. The electrochemical immunosensor showed high sensitivity with a linear range
from 1.0 pg.mL "' to 100 ng.mL " and a limit of detection of 0.4 pg.mL " for the N protein in PBS buffer pH 7.4. Moreover, the
immunosensor did not exhibit significant response with other viruses such as HCoV, MERS-CoV, Flu A and Flu B, indicating the
high selectivity of the sensor for SARS-CoV-2. However, cross reactivity of the biosensor with SARS-CoV is indicated, which
gives ability of the sensor to detect both SARS-CoV and SARS-CoV-2. The biosensor was successfully applied to detect the SARS-
CoV-2 virus in clinical samples showing good correlation between the biosensor response and the RT-PCR cycle threshold values.
We believe that the capability of miniaturization, low-cost and fast response of the proposed label-free electrochemical
immunosensor will facilitate the point-of-care diagnosis of COVID 19 and help prevent further spread of infection.
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Introduction pandemics such as influenza HIN1, severe acute respiratory

syndrome (SARS) and Middle East respiratory syndrome
New emerging viruses have been always a major threat to ~ (MERS) corona viruses, Ebola, human immune deficiency
public health. Many viruses have appeared, leading to  virus (HIV), polio and Zika.

The novel coronavirus 2019 (COVID-19) disease
caused by the severe acute respiratory syndrome corona-
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Health Organization. This outbreak has affected billions
of people worldwide. COVID-19 infections can be
asymptomatic and may show several symptoms ranging
from moderate flu-like symptoms such as cough, fever
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Hence, the development of low-cost and rapid diagnostic
tools to perform accurate and widespread testing is urgently
needed in this stage to enable the infection control and sup-
press the spread of the disease. Two main approaches are
currently used for testing: the molecular methods based on
the detection of the virus RNA via reverse transcriptase real-
time polymerase chain reaction (RT-PCR) and the immuno-
logical and serological assays that focus on the detection of the
virus antigens or antibodies [2]. The primary utilized method
for the diagnosis of COVID 19 infection worldwide is the RT-
PCR because of its sensitivity and selectivity. However, the
high cost, time consumption and need for highly trained per-
sonnel and specialized laboratory equipment and reagents lim-
it its use for population-wide testing particularly in low-
resourced areas [4]. The immunological methods are mainly
relying on the detection of the viral antibody that appears in
the patient blood after few days of COVID-19 infection.
However, this method is not useful for the early diagnosis of
infection for the purpose of isolation or treatment [5]. Thus,
detection methods for the antigens of the virus are more reli-
able for diagnosis.

Biosensors are promising detection tools that have shown
variety of successful diagnostic applications for point-of-care
testing in the recent years [6]. Various biosensors have been
developed previously for the diagnosis of viral infections
using different optical [7], colorimetric [8] and electrochemi-
cal [9] techniques employing different nanomaterials [10].

Electrochemical biosensors are attractive choices in several
point-of-care diagnostic platforms because of their low cost,
high sensitivity, simplicity, capability of miniaturization and
ease of use. Electrochemical sensors can be easily integrated
in very small potentiostats and connected to cell phone for
data collection. Many electrochemical biosensors have been
elaborated to detect variety of viruses such as influenza [11],
human enterovirus [12], hepatitis B [13], herpes [14], Citrus
tristeza [15], Zika, dengue [16] and human papillomavirus
[17]. Voltammetric-based immunosensor have been devel-
oped recently for the determination of the Middle East respi-
ratory syndrome corona virus (MERS-CoV) using competi-
tive assay [18] showing excellent sensitivity.

To date, considerable attention has been devoted to the
development of biosensors for COVID-19 [19]. Lateral flow
assay (LFA) has been reported for the detection of N antigen
of'the SARS-CoV-2 [20]. Graphene-based field effect transis-
tor biosensor for the determination of the SARS-CoV-2 spike
S1 protein was reported [21]. An optical dual-functional plas-
monic photothermal biosensor was developed based on the
nucleic acid hybridization technique [22]. Despite of the sen-
sitivity of the LFA, they can provide only semi-quantitative
results. The optical and transistor-based biosensors exhibited
good sensitivity. However, they still require either an RNA
extraction step or expensive instruments which limit their
practical use for diagnosis.
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A DNA-based electrochemical biosensor for SARS-CoV-2
has been recently reported based on the hybridization of the
virus RNA of the N gene with complementary DNA-modified
electrode [23]. An isothermal rolling circle amplification
method coupled with differential pulse voltammetry detection
for the RNA of N and S genes was also reported [24]. An
amperometric sensor based on functionalized TiO, nanotube
was also developed for the detection of the spike receptor
binding domain (S-RBD) present on the surface of the
SARS-CoV-2 virus [25]. The sensor was able to detect the
S-RBD protein at 14 nM in nasal and saliva samples. The S
protein was also detected using SWV-based immunosensor in
serum using a graphene oxide paper-based electrode [26]. The
N protein is the most abundant protein of the coronavirus. It is
a highly conserved immunogenic phosphoprotein that is im-
plicated in modulating cell signalling pathways and in viral
genome replication and thus, has the potential to be used as a
specific biomarker for COVID-19 diagnosis [27]. Molecular
imprinted-based electrochemical biosensor was reported re-
cently for the detection of N protein [28]. Two other
magnetic-based electrochemical immunosensors were also
developed recently for the detection of N protein in serum
[29] and saliva [30]. We have recently reported a cotton-
coated carbon nanofiber-based competitive biosensor for the
detection of N protein [31]. These biosensors have shown
good sensitivity and simplicity compared with other conven-
tional assays. Yet, we believe that the development of more
easy-to-use and accurate electrochemical biosensors with im-
proved performance plays a major role in stopping the
pandemic.

Here, we report the development of a label-free
voltammetric-based immunosensor for the determination of
SARS-CoV-2 N antigen using gold nanoparticles-modified
screen-printed carbon electrodes. The immunosensor exhibit-
ed excellent sensitivity due to the large surface area and the
high conductivity of the gold nanoparticles as well as high
selectivity due to the specificity of the anti-N antibody.
Moreover, initial testing of the immunosensor to detect the
COVID infection in positive and negative samples indicated
good correlation with the RT-PCR results. Therefore, this
immunosensor is considered a promising low-cost, fast and
sensitive diagnostic tool for COVID-19.

Experimental
Materials and reagents

The antigen for SARS-CoV-2 N protein (REC31812) and its
antibody (MAB12184) were obtained from Native Antigens
(Oxfordshire, UK) (https://thenativeantigencompany.com/).
The MERS-CoV antigen (725 Spike protein S1) and its anti-
body were obtained from Sino Biological (Beijing, China)
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(https://www.sinobiological.com/). HCoV antigen (HK41 N)
was obtained from Medix Biochemica (Finland) (https://
www.medixbiochemica.com/en/). Influenza B antigen No.
J8035 and Influenza A antigen (N1H1) No. J8034 were ob-
tained from Biospacific (CA, USA) (https://www.biospacific.
com/). Potassium ferricyanide (K3[Fe(CN)g]), potassium
ferrocyanide (K4[Fe(CN)g]), 30 wt% gold (III) chloride solu-
tion in dilute HCI, 11-mercaptoundecanoic acid, absolute eth-
anol, phosphate buffer saline (PBS) and bovine serum albu-
min (BSA) were obtained from Sigma (Ontario, Canada)
(http://www.sigmaaldrich.com/canada-english.html).

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) were ob-
tained from Fisher Scientific (Ontario, Canada). The EDC/
NHS solution utilized for the activation step was prepared
in1X PBS buffer, pH 5.5. The solutions of the antigens and
antibodies were prepared in 1X PBS buffer, pH 7.4 which was
also used for the washing steps. Milli-Q water was utilized for
the preparation of all the reagents throughout the study.

Instrumentation

All the electrochemical measurements (the square wave volt-
ammetry (SWV) and cyclic voltammetry (CV)) were per-
formed by a multichannel AUTOLAB potentiostat
PGSTAT302N obtained from Metrohm, Netherlands. The
potentiostat was connected to a personnel computer and oper-
ated by the Nova 1.11 software. Dual screen-printed carbon
electrodes (C1110) were purchased from Metrohm DropSens.
(Spain). Each electrode includes a silver reference electrode,
one carbon counter electrode and two elliptic carbon working
electrodes. The electrodes were connected to the potentiostat
via a specific connector purchased from Metrohm DropSens
and are capable of detecting two signals simultaneously,
allowing (differential) measurements of two samples (the con-
trol and the patient samples). Scanning electron microscopy
images were taken using JEOL JSM-6300F at a working dis-
tance of 4.8 mm with an acceleration voltage of 5 kV, and
magnification = 50,000x.

Methods

Coating of the carbon screen-printed electrodes with
gold nanoparticles

Electrodeposition procedure was performed to coat the
carbon surface of the screen-printed working electrodes
with gold nanoparticles (AuNPs) according to the proto-
col optimized previously [18, 32-35]. The electrodeposi-
tion was achieved by adding a 100 pl of gold chloride
(HAuCly. 3H,0) solution (6 mM) in 0.1 M potassium
nitrate onto the electrode to cover the entire electrode

surface. The electrode was then connected to the
potentiostat and 10 CV scans were applied between —0.2
and —1.4 V at a scan rate of 50 mV/s. After deposition, a
change in the colour of the working electrode from black
to yellow is observed, indicating the success of the depo-
sition process. The electrodes were then rinsed with water
and dried before subjected to surface characterization. The
surface characterization was performed using X-ray pho-
toelectron spectroscopy (XPS) and scanning electron mi-
croscopy (SEM) for the working electrodes before and
after the electrodeposition process.

Functionalization of the gold nanoparticles-modified
electrodes and attachment of the anti-nucleocapsid
antibody

To functionalize the electrodes, 20 ul of MUA (1 mM in
ethanol) were placed over the dual AuNPs-modified
working electrodes and incubated for 20 h in a water-
saturated atmosphere at room temperature. Ethanol was
then used to rinse the electrodes to remove the excess
MUA. Then, the modified electrodes were dried and in-
cubated in 100 mM EDC and 20 mM NHS in PBS buffer
pH 5.5 for 60 min for activation. After washing with
buffer, 20 ul of anti-N antibody solution and 20 ul of
1% BSA in PBS buffer pH 7.4 were added individually
onto the dual activated electrodes and incubated at room
temperature for 3 h to prepare the sample testing (W1)
and control (W2) electrodes on the same chip, respective-
ly (Scheme 1 B). The electrodes were then washed with
PBS buffer pH 7.4 and incubated in 0.1% BSA solution in
PBS buffer pH 7.4 for blocking. Finally, the excess BSA
was then removed by washing the electrodes with PBS
buffer. The prepared immunosensors can be used imme-
diately or stored at 4° C until further testing. The charac-
terization of the fabricated electrodes were performed
using CV scanning between 0.5 and —0.5 V at a scan rate
of 100 mV/s and SWV from 0.3 to —0.3 V, frequency
25 Hz, interval time 0.04 s, step potential =5 mV, scan
rate 125 mV/s and amplitude 20 mV.

Detection experiments of nucleocapsid protein on the
immunosensor

To determine the analytical range of the SARS-CoV-2
immunosensor, 20 pl of different concentrations of the
N protein in PBS buffer, pH 7.4 (0.1 pg.mL™" to
100 ng.mL™") were incubated for 15 min on the dual
electrode (the testing and the control electrodes on the
same chip) at room temperature. The electrodes were then
rinsed with PBS buffer pH 7.4 and the square wave volt-
ammetry measurements (SWV) were carried out.

@ Springer
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Electrochemical detection

A 5-mM solution of ferri/ferrocyanide (1:1 M ratio) in PBS
buffer pH 7.4 was used as redox solution to perform all the
electrochemical measurements. One hundred microlitres of
the redox solution was added onto the immunosensor and
the SWV measurements were acquired at the parameters de-
scribed above. Baseline corrections were performed for all the
SWYV curves using the Nova software. The electrochemical
detection (the immunosensor response; (i-i°)/i %) was deter-
mined based on the change percentage of the reduction peak
current of the SWYV signals, where i° is current of the blank
sensor and i is the current after incubating the SARS-CoV-2
immunosensor in the N protein solutions.

Selectivity testing of the immunosensor

To assess the selectivity of the immunosensor, the dual SARS-
CoV-2 immunosensor was incubated with 1 ng.mL ™" solution
of SARS-CoV-2 N protein, MERS-CoV, HCoV, Flu B and
Flu A antigens in PBS buffer pH 7.4 for 15 min. The SARS-
CoV-2 immunosensors were then rinsed with PBS buffer and
then subjected to SWV measurements in the redox couple
solution as explained above.

Clinical samples testing using the SARS-CoV-2
immunosensor

Nasopharyngeal swabs were collected from patient and nor-
mal individuals and transferred into universal transport media
(UTM). The approval to use patient samples (IRB: H-02-K-
076-00520-298) was obtained from the Saudi Ministry of
Health. RT-PCR was performed for all the samples to confirm

@ Springer
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the negative and positive ones. PowerChekTM 2019-nCoV
Real-time PCR Kit (Cat No. R6900TD—100 Samples) was
used to perform the RT-PCR tests. The kit was purchased
from Kogenebiotech Co., Ltd., Republic of Korea, and it
was approved by the FDA. One SARS-CoV-2 negative sam-
ple was used as control. Two samples showed low cycle
threshold (Ct) value in the RT-PCR analysis, indicating a high
number of virus copies and three samples showed high CT
value, indicating a low number of virus copies. The samples
were used immediately or kept at —80 °C until further use in
the detection experiments.

The detection experiment was performed by incubating the
samples solutions after 1:10 dilution in PBS buffer pH 7.4 on
the sensor for 15 min at room temperature. The sensors were
then rinsed with PBS buffer and the SWV measurements were
carried out as explained above. The immunosensor results
were then compared to the RT-PCR results.

Results and discussion
The principle of the SARS-CoV-2 biosensor

The biosensor was designed as shown in Scheme 1 on a dual
AuNPs-modified screen-printed carbon electrode which con-
sists of two individually addressed working electrodes. The
anti-N antibody is immobilized on one of the working elec-
trodes and the other electrode is blocked with BSA to be used
as a control electrode. The binding of the N protein to its
specific antibody would then cause a change in the electro-
chemical signal which represents the basis of the detection
while, no signal will be obtained from the control electrode.
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Coating of the dual carbon screen-printed electrodes
with gold nanoparticles

The electrodes were first coated with AuNPs via electrodepo-
sition. Figure la, b shows the SEM characterization of the
carbon electrodes before (a) and after (b) the AuNPs deposi-
tion. Quasi-spherical gold particles were obtained with an av-
erage particle diameter of 50+ 10 nm. To characterize the
chemical composition of the electrode surface, XPS measure-
ments were also carried out for the carbon electrode and the
AuNPs-modified electrode. As shown in Fig. 1c, the bare
carbon electrode (black curve) exhibited the typical peaks
for the graphite surface with C 1s and Ols peaks at 284.5
and 532 eV, respectively. However, the AuNPs-modified
electrode showed an extra peak at 82.5 eV characteristic of
the Au 4f, confirming the successful deposition of the AuNPs
on the carbon electrode.

Electrochemical characterization of the steps of the
construction of the SARS-CoV-2 nucleocapsid
immunosensor

Corona viruses exhibit four structural antigens: nucleocapsid
(N), matrix (M), envelope (E) and spike (S) antigens. It was
reported that, the N and S antigens have the potential to be
used as biomarkers for diagnosis of SARS-CoV-2 as they can
distinguish the various types of corona viruses [36]. Here, we

Fig. 1 Images of the electrodes
by scanning electron microscopy
(SEM) for the bare carbon before
(a) and after deposition of gold
nanoparticles using 10 CV scans
(b). The SEM measurements
were done using an acceleration
voltage of 5 kV, magnification =
50,000% and a working distance
of 4.8 mm. ¢ XPS survey spectra
of the bare carbon (black) and
gold nanoparticles-modified elec-
trodes (red line)

used the N antigen as the most abundant protein in coronavi-
rus [27].

The fabrication steps of the immunosensor were inves-
tigated using CV and SWV scans in a ferro/ferricyanide
redox couple solution. As shown in Fig. 2a, the bare car-
bon electrode exhibited the characteristic CV with well-
defined anodic and cathodic peaks of the redox couple
with a peak-to-peak separation (AE) of 0.24 V. After the
deposition of the AuNPs on the carbon surface, the CV
showed significant enhancement in the peaks current and
a decrease of the AE to 0.12 V. This enhancement in the
current and decrease in the AE indicate the increase in the
electrochemical surface area and enhancement of the elec-
tron transfer rate of the electrode because of the AuNPs
deposition. On the other hand, the functionalization of the
AuNPs-modified electrodes with MUA led to a
diminishing in the peak current and an increase in the
AE. This is likely due to the shielding of the electrode
surface with the negatively charged carboxylic groups of
the MUA causing repulsion of the redox anions from the
surface. Then, after the activation of the carboxylic
groups with EDC/NHS and the attachment of the anti-N
antibody on the functionalized electrode, a slight increase
in the cathodic peak current and diminishing of the AE
were observed. This could be attributed to the neutraliza-
tion of some of the negatively charged carboxy moieties
on the surface of the electrode with the antibodies.

1c Au 4f
- O1s Cis
3
18
> Cis
‘@
c
3
£
O1s

o

1200 1000 800 600 400 200
Binding Energy (eV)

@ Springer



199  Page 6 of 10

Microchim Acta (2021) 188:199
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SWYV were then used as a more sensitive technique because
it eliminates the capacitive current. SWV measurements were
recorded after each modification steps of the electrode, show-
ing consistent results with CV. Figure 2b shows a remarkable
increase in the reduction peak current on the AuNPs-modified
electrode (red curve) in comparison to the bare carbon elec-
trode (black curve). A decrease in the current was then ob-
served after the functionalization with MUA, indicating the
successful attachment of the thiol terminals of the MUA on
the gold surface. An increase in the current was then observed
after the antibody attachment on the working electrode W1
from the dual sensor followed by further decrease after the
blocking of the sensors with BSA. The other working elec-
trode (W2) was used as a control on which BSA was
immobilized instead of the antibody. Thus, both CV and
SWYV results confirmed the successful fabrication of the
immunosensor.

Studying and optimization of the binding time of the
protein on the immunosensor

It was crucial to optimize the binding time of the N protein on
the developed immunosensor to find out the condition which
achieves the best performance and the fastest detection.
Figure 3a shows the SWVs of the biosensor before (black
voltammogram) and after (red voltammogram) incubation

E/IV vs Ag ref. electrode

with 1 ng.mL™" of the N protein solution. It was observed that
the peak current was remarkably enhanced after the binding of
the N protein to the immunosensor surface. This is likely
attributed to the positive surface charge of the N protein at
pH 7.4 which has an isoelectric point (IP) of 10.07 [37].
Therefore, the binding of the protein to the immunosensors
causes an increase of the positive charges on the surface which
in turn, attracts the redox anion and enhances the electron
transfer. Similar behaviour has been previously reported with
other positively charged proteins such as lysozyme [38].
Figure 3b shows the effect of the incubation time of the N
protein with the immunosensor on the sensor response. The
SARS-CoV-2 immunosensor response was calculated as the
percentage of the increase in the SWV reduction peak current
of the immunosensor upon binding with the N protein ((i-i°)/i
%). 1t can be clearly seen that the immunosensor response to
the binding to the N protein was increasing gradually with the
incubation period until 15 min where the binding has almost
reached plateau. Only a slight increase was observed after that.
Therefore, 15 min was selected as the optimum time for fur-
ther experiments.

Dose response of the SARS-CoV-2 immunosensor

The analytical performance of the SARS-CoV-2
immunosensor was investigated by incubating the

Fig. 3 a Square wave 20 140
voltammograms of the N protein A B
immunosensor before (black — Blank _ 120

154  ——1 ng/ml N protein
curve) and after (red curve) ]
incubation with 1 ng.mL™" of the < 2 100
N protein solution in PBS buffer ;_,3 10 %~ 80
pH 4.7 for 15 min. b Binding time § E‘
optimization of the nucleocapsid ::; = 601
protein sensor (a plot of biosensor 51 404
response as the percentage change
in the reduction peak current 0 201
versus the binding time

0.2 e 0.0 04 0.2 07 s 10 15 20 30

EIV vs Ag ref. electrode
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immunosensor with varying concentrations of the N protein
ranging from 0.1 pg.mL ™' to 100 ng.mL™"' in PBS buffer
pH 7.4. Figure 4a shows SWV results of the immunosensor
at various concentrations of the N protein. A gradual increase
in the reduction peak current was seen after incubation of the
immunosensor with an increased concentration of the protein
likely due to the surface charge offered by the N protein as
explained above. Figure 4b shows the SARS-CoV-2
immunosensor calibration plot (the immunosensor response
((i-i°)/i %) versus the logarithm of the N protein concentration.
A straight line was observed with a linear regression equation:
(i-i°)i % =119.3 +33.2 log C [ng.mL '] and correlation co-
efficient (R) of 0.998. The limit of detection (LOD) and the
limit of quantification (LOQ) of the immunosensor were de-
termined to be 0.4 and 1.3 pg.mL ", respectively. The LOD is
calculated as 3S/b where S is the standard deviation of the
blank signal and b is the slope of the calibration plot. This
LOD is much lower than the ELISA for SARS-CoV-2 N pro-
tein from Bioss Inc. which has a reported LOD of
0.4 ngmL™', implying very good sensitivity of our SARS-
CoV-2 immunosensor. The detection experiments were per-
formed in triplicates and the error bars in the calibration plot
represent the standard deviations. The relative standard devi-
ations (RSD%) of the experiments were ranging from 3.0 to
6.1%, implying very good reproducibility of the SARS-CoV-
2 immunosensor. The stability of the biosensor was also tested
by performing detection experiments after the storage of the
immunosensor at 4 °C for 10 days. There was no significant
change in the biosensor response (1%) after storage and the
RSD % were in the same range, 3.0 to 6.1%.

It is worth noting that the immunosensor is easier to use
compared with the other biosensors that needs an extraction
step for the RNA [23, 24]. Moreover, the LOD of the SARS-
CoV-2 N protein immunosensor was lower than all the other
reported electrochemical biosensors for the same protein
[28-31] as shown in Table 1.

20

Blank
15 - ——1 pg/ml N protein
——10 pg/ml

—_ ——100 pg/ml
< 1 ng/ml
=
= 10 ——10 ng/ml
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- /
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T

-0.2 -0.1 0.0 0.1 0.2
EIV vs Ag ref. electrode

Fig. 4 a Square wave voltammograms of the N protein biosensor
incubated in different concentrations of the N protein solutions from
1 pgmL " to 100 ng.mL™" in PBS buffer solution pH 7.4. b Calibration
plot of the biosensor (the biosensor response (the percentage of the

Selectivity of the SARS-CoV-2 immunosensor

It is crucial to study the specificity of the immunosensor to
minimize any possibility of false-positive results. To this end,
a control electrode (W2) was used on each sensor on which BSA
was immobilized instead of the specific antibody for the SARS-
CoV-2 N protein as shown in Scheme 1. Figure 5a shows the
response of the immunosensor (W1) versus the response of the
control electrode (W2) upon incubation of the sensor with
10 ng.mL ™" of the N protein solution. No significant response
was seen in the case of the control electrode compared with the
immunosensor response, indicating that the signal is generated
from the specific binding of the antibody to the antigen and not
due to any nonspecific adsorption. Moreover, it was highly im-
portant to study the cross reactivity of our immunosensor with
antigens from other viruses that can show similar symptoms
such as HCoV, MERS-CoV, Flu A and Flu B. Figure 5b shows
the response of the immunosensor towards the SARS-CoV-2 N
protein was much higher than the non-significant response
against the other nonspecific antigens. These results indicate
very good selectivity for our immunosensor. It is worth noting
that the cross reactivity of the immunosensor with SARS-CoV is
expected because there is more than 90% conserved similarity in
protein sequences between SARS-CoV and SARS-CoV-2 [39].
Th manufacturer of the antibody used in this study (Sino
Biological) has also reported cross reactivity with SARS-CoV.
This cross reactivity has been previously reported for all the
immunoassays using the N protein [29]. However, we believe
that this cross reactivity does not have an impact on the current
COVID 19 diagnosis because there are no new reported SARS-
CoV outbreaks since 2004 [40].

It was also important to study the stability of the biosensors
after storage in the fridge for several days. Figure 5S¢ shows the
biosensor response towards binding with 1 ng.mL ™" of the N
protein after storage for different number of days from 0 to
10 days. It can be clearly seen that there is no significant

200 B
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100 4
50 4
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o o

1E-4 1E3 001 01 1 10 100 1000
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N protein
change in the reduction peak current) is plotted versus the protein
concentration). The SWV measurements were carried out in 5 mM
ferro/ferricyanide redox couple solution in PBS buffer pH 7.4. The error
bars represent the standard deviations of triplicate measurements
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Reference

LOD

Electrochemical method

Clinical sample

Target biomarker

Materials used

(23]

6.9 copies/uL

RNA of the N gene Nasopharyngeal sample Current—voltage data collected using a

AuNPs on paper electrode

homemade circuit

RNA from Nasopharyngeal sample Isothermal rolling circle amplification-Sandwich

[24]

1 copy/uL

Redox dye-incorporated silica nanoparticles N and S genes

hybridization assay with differential pulse voltammetry

Amperometric detection

[25]

14 nM
0.11 ng.mL ™" for

Nasal and saliva samples

S-RBD

Cobalt-TiO, nanotubes

[26]

Label-free detection-SWV

Serum

SARS-CoV-2 IgG,

Graphene oxide paper-based

spike protein

15 ™M

230 pg.mL '

IgM and S protein

N antigen

electrode
Molecular imprinted polymer

(28]

Differential pulse voltammetry

Nasopharyngeal samples

[29]

Amperometric detection

Serum

N antigen

Magnetic nanobeads

19 ng.mL ™" and 8 ng.mL™" [30]

0.8 pgmL™!

Saliva and nasopharyngeal sample Differential pulse voltammetry

S and N antigens

Magnetic beads with carbon black

[31]

Competitive detection using SWV
Label-free detection using SWV

Nasopharyngeal sample

N antigen

Carbon nanofiber

AuNPs

This work

0.4 pgmL™!

Nasopharyngeal sample

N antigen

change in the sensor response after storage, indicating good
stability of the immunosensor.

Application of the SARS-CoV-2 immunosensor in clin-
ical samples

Nasopharyngeal swab samples were collected from healthy and
patient individuals and kept in UTM. The samples were first
analysed with a RT-PCR kit which has a Ct cut-off value of 35.
Two samples exhibited low Ct values (21 and 24), indicating a
high number of virus copies and three samples showed high Ct
values (33, 32, 31), indicating a low number of virus copies. The
healthy sample is PCR negative. The samples were 1:10 diluted
in PBS buffer pH 7.4 and then incubated on the immunosensors
for 15 min. Figure 5d shows the electrochemical immunosensor
response obtained for the negative and five patient samples. It
was observed that the negative sample showed very minor re-
sponse (below 5%), whereas the five patient samples showed
higher response. Moreover, the two samples with the low Ct
values showed higher immunosensor response compared with
the three samples with the high Ct values. These initial results
indicate the capability of our immunosensor to distinguish the
positive and negative samples with strong correlation between
the biosensor response and the RT-PCR results.

Conclusions

An electrochemical biosensor was developed for SARS-CoV-2
detection. The biosensor relies on the attachment of the anti-
SARS-CoV-2 nucleocapsid antibody on gold nanoparticles-
modified carbon screen-printed electrodes. The detection was
achieved in a label-free format via monitoring the change in the
voltammetric reduction current upon binding of the
immunosensor with the virus. Very good sensitivity was
achieved, likely due to the fast electron transfer rate and the high
surface area of the gold nanoparticles. Our immunosensor has
lower cost, faster and showed lower detection limit than ELISA.
The immunosensor showed a very good degree of selectivity for
SARS-CoV-2 against other viruses such as HCoV, MERS-
CoV, Flu A and Flu B. Cross reactivity of the biosensor with
SARS-CoV is expected because of their similar structure. Initial
application of our immunosensor in clinical samples showed
good agreement with the RT-PCR results. Thus, the SARS-
COV-2 immunosensor is considered a rapid, low-cost, selective
and sensitive diagnostic method that has the capability to be
integrated in a handheld potentiostat and controlled via regular
cell phone for point-of-care testing. This work focuses on the
detection of the nucleocapsid protein. However, the best antigen
target for the detection of SARS-COV-2 has not been identified
yet. Therefore, future work should focus on comparing the sen-
sitivities using other target antigens such as spike and membrane
proteins.
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